Continuous flow cultures of feral (culture FC) and domesticated (culture RPCF) pig gut microflora were established in steady state. Cultures were continuously infused with 25 or 100 mg tylosin=mL and sampled at intervals to assess effects on total culturable anaerobes, Bacteroides and Enterococcus via plating to agar supplemented without or with 100 mg tylosin=mL, the latter to assess bacterial sensitivity to tylosin. Endogenous tylosin-insensitive anaerobes within the cultures, while similar prior to tylosin administration, responded differently during tylosin administration, with concentrations in RPCF cultures becoming enriched more than in FC cultures. Tylosin-insensitive anaerobes in RPCF cultures persisted at increased concentrations after cessation of tylosin administration whereas concentrations in FC cultures decreased slightly. Concentrations of Bacteroides and endogenous Enterococcus recovered on medium without tylosin decreased to near or below detectable levels in FC cultures administered 25 or 100 mg tylosin=mL. Tylosininsensitive Bacteroides were enriched to >5 log 10 CFU=mL in RPCF cultures after 25 mg tylosin=mL but not at 100 mg tylosin=mL. Populations of endogenous tylosin-insensitive Enterococcus were enriched in RPCF but not FC cultures administered 25 or 100 mg tylosin=mL. In cultures administered 100 mg tylosin=mL, an exogenous-sourced E. faecium possessing tylosin resistance maintained itself only in the presence of tylosin. These results indicate that under the conditions of these tests, antibiotic exposure may enrich for antibioticinsensitive bacteria populations of endogenous or exogenous origin but that the ability of an exogenous tylosin-resistant E. faecium to persist is reduced in the absence of the antibiotic, likely due to exclusion by native flora.
Introduction

M
acrolide antibiotics, such as tylosin, are commonly used in human and veterinary medicine, primarily to treat infections caused by gram-positive bacteria and also as a feed additive to improve production efficiency in swine (Gaynor and Mankin, 2003) . Concern exists that antibiotic resistance elements may be transferred between bacteria in microbial populations inhabiting the gut of domestic animals and humans as well as in the environment (Aubry-Damon et al., 2004; Chee-Sanford et al., 2001; Kü hn et al., 2005; Lee et al., 1993; Manero et al., 2006; Sapkota et al., 2006) . Moreover, while it is thought that exposure to low or high concentrations of antibiotics may differentially affect competition between bacteria with varying antibiotic susceptibilities (Fleming et al., 2002) , more studies testing the effects of low or high antibiotic exposure on bacterial fitness within mixed populations are warranted. Numerous studies have reported the recovery of tylosinresistant populations from mixed populations of bacteria in gut and environmental samples (Bywater et al., 2005; Jackson et al., 2004; Jindal et al., 2006; Onan and LaPara, 2003; Wang et al., 2005) . However, much less is known regarding the dynamics of resistance acquisition within and on mixed bacterial populations, particularly regarding how likely or fast resistance may develop within prominent bacterial populations and how resistance acquisition may affect the competitiveness of the populations during and upon cessation of antibiotic selection.
Continuous flow culture of intestinal microorganisms has been used to study competitive interactions between commensal and pathogenic microflora (Harvey et al., 2002; Hume et al., 2001; Nisbet et al., 2000) as well as to investigate potential factors affecting spontaneous acquisition of antibiotic resistance (Kim et al., 2005) . The continuous flow chemostat model has been used to measure effects of competitive exclusion on enriching intestinal bacterial populations with advantageous phenotypes (Fleming et al., 2002; Zelder and Hauer, 2000) . The use of selective pressure (e.g., antibiotics) in the continuous flow system has also been used to study dynamics of resistant and nonresistant strains in a model of gut microflora (Carman et al., 2001 (Carman et al., , 2004 Fleming et al., 2002; Hume et al., 2001; Lee et al., 2005) . It has been used extensively to produce several competitive exclusion products as prophylactic treatment against pathogenic bacteria colonization in chickens (Nisbet et al., 1994 (Nisbet et al., , 1998 . Studies with a similar competitive exclusion system developed for swine produced similar patterns of in vitro reduction of colonization of Salmonella serovars Typhimurium and Choleraesuis as well as pathogenic Escherichia coli strains F-18 and O157:H7 (Hume et al., 2001; Harvey et al., 2002) and increased resistance to Salmonella Choleraesuis and enterotoxigenic E. coli in neonatal pigs (Genovese et al., 2000 .
The primary purpose of this study was to assess such effects on populations of Bacteroides spp. and Enterococcus spp., representing prominent gram-positive and gram-negative species, as well as total anaerobes during continuousflow culture of mixed microflora populations, during and after administration of low (25 mg= mL) and high (100 mg=mL) amounts of tylosin administration. For this purpose, two different gut populations, one from a traditionally reared pig and the other from a feral pig, were selected with the intent of assessing two distinct, at least with respect to their origin, bacterial populations.
Materials and Methods
Continuous flow culture establishment
Two separate mixed populations of porcine gut bacteria were established in continuous flow culture as previously described (Harvey et al., 2002; Hume et al., 2001) . The RPCF had been previously established with cecal contents obtained from a traditionally reared pig and its initial characterization has been reported previously (Harvey et al., 2002) . The other culture, defined as FC, was established under similar conditions except with cecal contents from an adolescent feral boar. We have no information on potential exposures or animal to animal interactions experienced by the feral pig other than it was killed approximately 2 to 4 hours prior to necropsy near Caldwell, Texas, in an area removed by at least 30 miles from any known intensive agricultural production environments. The cecal contents of this feral boar were stored anaerobically, under 100% N 2 , in 20% glycerol at À808C until the next morning at which time an approximately 100-mL suspension was used as inoculum. Both parent cultures of RPCF and FC were established and maintained in BioFlo chemostats (New Brunswick Scientific Company, Edison, NJ) with a culture volume of 550 mL. The culture medium was Viande Levure broth which was prepared and maintained anaerobically as previously described (Hume et al., 2001 ) under a stream of O 2 -free CO 2 and infused at 0.40 mL=min which corresponds to a 24-hour vessel turnover. Cultures were incubated at 398C and agitated at 100 rpm. Once established in steady state (Harvey et al., 2002; Hume et al., 2001; Nisbet et al., 2000) , initial characterization of culture FC was accomplished as previously described (Ramlachan et al., 2007) (CLSI, 2003 (CLSI, , 2004 
Experimental design
Separate RPCF and FC test cultures were each established in duplicate with inoculum obtained from the pre-established parent cultures. After at least 14 vessel turnovers, these test cultures were continually infused with culture medium containing 25 mg tylosin=mL (experiment 1) or 100 mg tylosin=mL (experiment 2) for seven or six (for experiments 1 and 2, respectively) further vessel turnovers. Levels of tylosin administration were based on levels used earlier by Poole et al. (2003 Poole et al. ( , 2004 and were chosen to provide exposures just below and > 3Â above the MIC breakpoint of 30 mg=mL (Kaukas et al., 1988) . Fluid samples collected immediately before and during tylosin infusion were quantitatively cultured via plating of 10-fold serial dilutions to the following media, each prepared with or without 100 mg tylosin=mL: anaerobic BRU agar and Bacteroides bile esculin (BBE) agar (Anaerobe Systems, Morgan Hill, CA), for detection of total anaerobes and Bacteroides spp., respectively, and M Enterococcus (ME) agar (Becton Dickinson and Company, Sparks, MD) for detection of Enterococcus spp. Inoculated agar media were incubated 48-72 hours at 378C; colonies enumerated on agar media without tylosin account for the total (inclusive) population and colonies enumerated on agar medium supplemented with 100 mg tylosin=mL account for tylosininsensitive populations. For specific identification of bacteria from select colonies at least 10 colonies per population were selected and subjected to identification using rapid ID 32 STREP, rapid 20E, 20NE, 20A, and rapid ID 32 A identification strips (bioMérieux, Hazelwood, MO). Identities were confirmed via ribotyping and 16S RNA sequencing. Indole spot tests (Anaerobe Systems, Morgan Hill, CA), E-test TM , and determination of fermentation products by gas chromatography (Hinton et al., 1990) were also used in this analysis. Samples containing no detectable colonies of bacteria were given a value of 1.0 log 10 CFU=mL. Tylosin was completely removed from all test chemostats after 6-8 days of initial application of the antibiotic. In experiment 2, a tylosin-resistant E. faecium strain demonstrating multidrug resistance was inoculated (5 mL of 10 7 CFU=mL) into FC and RPCF test cultures at least 9 days (corresponding to day À7) after cultures were established. Initiation of tylosin administration was begun in both replicates of FC and RPCF cultures 16 days after establishment (corresponding to day 0 in figures). The E. faecium strain used in this study exhibited resistance to ampicillin, bacitracin, clindamycin, enrofloxacin,erythromycin,gentamycin,lincomycin, neomycin, penicillin, spectinomycin, streptomycin, sulphachloropyridazine, sulphamethoxime, sulphathiazole, tilmicosin, and vancomycin and was phenotypically distinguishable from the other endogenous FC and RPCF chemostat culture Enteroccoccus spp. when grown on ME agar and was resistant to tylosin=erythromycin.
Statistical analysis
Log 10 transformations of bacterial concentrations obtained from duplicate cultures were analyzed for main effects of day, culture type (i.e., RPCF or FC culture) and the possible interaction using a repeated measures analysis of variance (Statistix Ò 8 Analytical Software, Tallahassee, FL). Multiple comparison of means was accomplished using a Tukey's procedure. Volatile fatty acid concentration profiles from the cultures were tested for differences by a completely randomized analysis of variance.
Results
Characterization of microflora in culture FC
Culture FC achieved steady state after 14 days continuous flow culture and the bacteriological composition was found to include Streptococcus bovis, Proteus mirabilis, Staphylococcus epidermidis, Bordetella trematum, Bacteroides ovatus, and members of the Bacillus, Lactobacillus, Enterococcus, and Clostridium spp. In the FC culture, Campylobacter and Salmonella were undetectable and Escherichia coli that was initially isolated from the cecal contents was not recoverable once the culture had achieved steady state, which also occurred in the original culture RPCF (Harvey et al., 2002) .
In culture FC, Enterococcus hirae, Streptococcus bovis, P. mirabilis, Staphylococcus epidermidis, and Bordetella trematum were susceptible to tylosin and erythromycin; Bacteroides ovatus were resistant to gentamicin, ciprofloxacin, ceftriaxone, and ampicillin. In culture RPCF, Bacteroides uniformis and B. distasonis were resistant to erythromycin, gentamicin, ciprofloxacin, azithromycin, ceftriaxone, and ampicillin. B. uniformis from culture RPCF and Clostridium hathewayi from culture FC showed resistance to tylosin at MIC >512 mg=mL. The C. hathewayi was the predominant anaerobe recovered on anaerobic BRU agar from the FC culture and has been previously characterized (Ramlachan et al., 2007) . With the exception of butyrate, volatile fatty acid (averaging 25.4 to 29.8 mmol=mL, SEM ¼ 0.10; and 10.4 to 10.1 mmol=mL, SEM ¼ 0.92, for acetate and propionate, respectively) and pH profiles (averaging 6.2 to 6.3; SEM ¼ 0.04) varied only slightly between RPCF and FC cultures whether or not administered tylosin or inoculated with the tylosin-resistant E. faecium. Butyrate concentrations were higher ( p ¼ 0.008) for culture FC than culture RPCF, averaging 17.7 and 10.7 mmol=mL, respectively (SEM ¼ 1.24).
Experiment 1, effect of 25 mg tylosin=mL on select bacterial populations Concentrations of total anaerobes did not differ ( p > 0.05) between cultures (SEM ¼ 0.12). However, there was a decrease in recovery of total anaerobes in the FC and an increase in the RPCF cultures resulting in significant effects ( p < 0.05) of day and day by culture interaction (SEM # 0.18) (Fig. 1A) . There was also a temporary increase in tylosin-insensitive anaerobes from the FC culture and a gradual enrichment of tylosin-insensitive anaerobes from the RPCF culture (Fig. 1A) that resulted in differences ( p < 0.05) between cultures and day as well as a day by culture interaction (SEM # 0.22). Tylosininsensitive anaerobes were prominent even before tylosin administration in both RPCF and FC cultures. In the FC culture, the prominent tylosin-insensitive anaerobe was C. hathewayi.
Main effects of culture, day, and a day by culture interaction were observed ( p < 0.05) on recovery of Bacteroides from BBE agar supplemented with or without tylosin (SEM # 0.39) (Fig. 1B) . This was partly due to greater recovery of Bacteroides spp. in the RPCF cultures prior to administration of tylosin and to an enrichment of tylosin-insensitive Bacteroides spp. in the RPCF cultures beginning 3 days after tylosin administration (Fig. 1B) . Tylosin-insensitive populations recovered from total anaerobes and Bacteroides spp. were prominent in RPCF cultures prior to initiation of tylosin administration and were probably propagated from the tylosinresistant B. uniformis endogenous to culture RPCF. Tylosin-insensitive Enterococcus spp. were not recovered from the RPCF or the FC cultures prior to tylosin administration. Upon initiation of tylosin treatment, recovery of Enterococcus spp. was highly variable between the two RPCF cultures. For instance, although mean concentrations of tylosin-insensitive Enterococcus recovered from the RPCF cultures began to increase markedly beginning 4 days after initiation of tylosin administration (Fig. 1C) , this increase occurred in only one of the cultures. As a consequence, main effects of culture, day, or day by culture interactions were not observed ( p > 0.05) on quantitative recoveries on ME agar supplemented with or without tylosin (SEM # 1.15) (Fig. 1C) . Experiment 2, effect of 100 mg tylosin=mL on select bacterial populations Main effects of culture and day were not observed ( p > 0.05) on recovery of total anaerobes or tylosin-insensitive anaerobes (SEM # 0.33) ( Fig. 2A) . Day by culture interactions were observed ( p < 0.01) due to a gradual increase in concentration of tylosin-insensitive anaerobes in cultures RPCF beginning upon cessation of tylosin and concurrent decrease in total anaerobes recovered from cultures FC (SEM # 0.47) ( Fig.  2A) . There was no significant ( p > 0.05) culture effect on recovery of Bacteroides spp. or Enterococcus spp. from cultures FC or RPCF (SEM # 1.06) (Fig. 2B-D) . Main effects of day and day by culture interactions were observed ( p < 0.05) as Bacteroides spp. decreased after initiation of tylosin administration and remained at undetectable levels for the rest of the study, even after tylosin administration was ceased (SEM # 0.27) (Fig. 2B) . There was a day effect ( p < 0.05) on total endogenous Enterococcus spp. recovered in both cultures RPCF and FC. This was due to transient decreases in concentration during the high tylosin-administration period (especially in the FC cultures) and an increase after cessation of tylosin (SEM ¼ 0.69) (Fig. 2C) . A persistent decrease in concentration of Enterococcus spp. recovered from tylosin-supplemented ME agar was observed from the FC but not the RPCF cultures (SEM # 0.97) (Fig. 2C) . However, there was not a main effect of day ( p > 0.05) on these endogenous Enterococcus spp., primarily because of an absence of a culture effect or a day by culture interaction ( p > 0.05). There was no significant difference over time ( p > 0.05) in tylosin-insensitive Enterococcus spp., which in the case of culture RPCF were only transiently reduced (Fig. 2C) .
Tylosin-resistant E. faecium showed a rapid decrease immediately following inoculation (on day À9 relative to high tylosin administration) into the FC and RPCF cultures (data not shown) to levels that were at or below our level of detection until after initiation of tylosin administration (Fig. 2D) . However, following initiation of high tylosin administration, recovery of E. faecium started to increase at day 3 but then began to decrease by day 9, which was after cessation of treatment, thus showing significant ( p < 0.05) day effect for those recovered on unsupplemented and tylosin-supplemented ME agar (SEM # 0.89) (Fig. 2D) . Recovery of the endogenous Enterococcus in FC and RPCF cultures increased from day 8 after cessation of the tylosin treatment (Fig. 2C) . There was no difference ( p > 0.05) between cultures and day by culture interactions were not observed ( p > 0.05), indicating that recovery of the challenge organism in this experiment, tylosin-resistant E. faecium, was similar within populations of both FC and RPCF (SEM # 1.26) (Fig. 2D ).
Discussion
Results from the present study revealed that many of the predominant bacteria isolated from culture FC were members of genera recovered from culture RPCF (Harvey et al., 2002) . Moreover, many of these bacteria found within cultures RPCF (Harvey et al., 2002) and FC are typical of the microbiota of the normal gut of swine (Leser et al., 2002; Pryde et al., 1999; Robinson et al., 1981 Robinson et al., , 1984 . The mixed populations, however, undoubtedly differed to some extent from the mixed populations in their respective pig's gastrointestinal tract as E. coli, and possibly other bacteria, were not maintained in the continuous flow cultures. Such a finding is not unexpected considering the markedly different environments. For instance, the chemostat lacks receptors and microenvironments associated with epithelial cells and the gut wall. Moreover, differences in substrate availability and mixing rates would also be expected between the experimental condition applied to the chemostats and the native conditions in gut environments of the two donor animals, one which received a diet high in readily fermentable feedstuffs and the other consisting, as observed upon necropsy, mainly of more fibrous slowly degradable material. Analysis of fermentation characteristics such as pH and volatile fatty acid profiles suggest that with the exception of culture FC producing higher amounts of butyric acid, thus implicating a higher concentration of butyric acid-producing bacteria, the fermentation capabilities within the different cultures were not markedly dissimilar whether derived from feral or domestic pig gut microflora.
Results from our tylosin challenge experiments revealed that tylosin-resistant bacteria such as Clostridium and Bacteroides varied in the mixed bacterial populations obtained from these pigs, with tylosin-resistant Clostridium recovered from the feral pig and the tylosin-resistant Bacteroides recovered from the domestically reared pig. Macrolide resistance is thought to have originated in gram-positive bacteria such as Enterococcus and Clostridium, with acquisition by Bacteroides being more recent (Wang et al., 2005) . Our results showed that administration of low-level 25 mg tylosin=mL, while initially inhibitory for Bacteroides, did support enrichment of tylosin-insensitive Bacteroides populations in the RPCF but not the FC cultures. Unlike the RPCF cultures, Bacteroides spp. were eliminated from a continuous flow culture of avianderived gut microbes after 15 to 21 days of exposure to 10 or 40 mg tylosin=mL (Poole et al., 2004) . Since tylosin-resistant B. uniformis were endogenous to the RPCF cultures, it is likely these organisms were enriched during the lowlevel tylosin administration. High-level (100 mg= mL) tylosin administration reduced the concentrations of Bacteroides spp. to below our level of detection (10 cells=mL) in all RPCF and FC cultures. This observation suggests that in the presence of 100 mg tylosin=mL the competitive advantage of tylosin resistance possessed by B. uniformis was insufficient to allow these bacteria to persist in the mixed culture environment.
Results from our first experiment suggest that each individual RPCF culture propagated markedly different populations as tylosininsensitive enterococci were recoverable from the endogenous Enterococcus spp. population in only one culture. In the second experiment, tylosin-insensitive enterococci were enriched in both RPCF cultures during high tylosin treatment. These tylosin-insensitive populations in the second experiment were enriched from both the endogenous Enterococcus population and from the population of experimentally inoculated tylosin-resistant E. faecium. These populations could be differentiated from one another, however, as their colonies were phenotypically distinguishable from each other on the ME agar. Our observations that Enterococcus populations can persist or be enriched during tylosin administration are consistent with earlier reports from in vitro (Poole et al., 2004) and in vivo (Kaukas et al., 1987; Trovatelli et al., 1994) studies. Surprisingly, concentrations of endogenous enterococci able to be recovered on ME agar lacking tylosin remained relatively consistent (approximately 10 6 to 10 7 CFU=mL) even during administration of 25 or 100 mg tylosin=mL to the RPCF cultures.
Experimental inoculation of the populations with a previously characterized tylosin-resistant E. faecium bacterium provided evidence that this resistant E. faecium was enriched in the presence of tylosin, but was not competitive when grown in the mixed populations without tylosin. Colonization resistance and in vitro inhibition of the challenge organism E. faecium did occur in either the RPCF and FC cultures prior to addition of tylosin with populations in both cultures diminishing to levels below detection for several days. Subsequently, addition of the selective pressure of tylosin promoted a ninefold and sevenfold increase in E. faecium populations in the FC and RPCF cultures, respectively, and these populations were maintained until after removal of the tylosin from the culture medium. This illustrates that although tylosin concentrations above therapeutic and subtherapeutic levels dramatically reduce recovery of susceptible microbial populations in both chemostats, in the absence of the selective pressure any advantage gained by the resistant challenge organism is not necessarily continued once antibiotic is eliminated. The potential fitness cost of maintaining the resistance element may reduce competitiveness of the E. faecium in the absence of selection (Enne et al., 2005) .
While the present study was designed to mainly quantify changes occurring within populations of Bacteroides and Enterococcus spp., our measurements did allow for enumeration of the populations of total anaerobes. Results from both our experiments revealed that the total population of anaerobes was heavily populated (>10 7 CFU=mL) by tylosin-insensitive bacteria. In culture FC, it is possible that many of these were C. hathewayi as this was the predominant anaerobe within that population. In culture RPCF, Bacteroides spp. were the predominant anaerobes recovered on BRU agar, but based on their recovery from BBE agar, these were only minor members of the total anaerobe population suggesting that the selectivity of BBE may have markedly reduced the recovery rate of these bacteria and this reduced recovery may have been further hindered with the inclusion of 100 mg tylosin=mL. We can not rule out, however, that tylosin-insensitive bacteria other than Bacteroides and Enterococcus spp., and C. hathewayi in culture FC, may be present in the populations and their identity and importance in dissemination and potential transfer of antimicrobial resistance has yet to be elucidated.
Our recovery of an endogenous tylosinresistant Bacteroides within the culture of domestic pig but not feral pig origin is consistent with, but does not prove, the concept that acquisition of macrolide resistance in gram-negative bacteria is a more recent event than acquisition by gram-positive bacteria such as the tylosin-resistant C. hathewayi recovered from the culture of feral pig origin. Antibiotic resistance has been observed in organically raised, 28 RAMLACHAN ET AL.
non-antibiotic-treated swine and in feral swine ( Jackson et al., 2004; Stanton and Humphrey, 2004; Thakur and Gebreyes, 2005) . While it is possible that these animals and in particular free-roaming feral pigs may play a role in the dissemination and transmission of pathogenic (Seymour et al., 1994; Schuff, 2006) and antibiotic-resistant bacteria, administration of tylosin did not promote enrichment of tylosininsensitive endogenous bacterial populations within the FC cultures. Moreover, introduction of an exogenous tylosin-resistant E. faecium did not result in persistent carriage of this resistant organism when tylosin selective pressure was removed. Conversely, administration of tylosin did promote enrichment, beginning within 2 to 4 days, of tylosin-insensitive endogenous bacterial populations within the RPCF cultures but as observed with the FC cultures, an exogenous tylosin-resistant E. faecium did not persist in these populations upon cessation of tylosin administration. We do however acknowledge that populations derived from a single domestically reared pig and a feral pig may not be representative of those from the greater populations of those swine groups. Continuous flow models have been used to investigate enhanced resistance of gut microflora by competitive exclusion to invasive pathogenic bacterial colonization in poultry and swine (Harvey et al., 2002; Hume et al., 2001; Nisbet et al., 2000; Poole et al., 2004) . The feral pig continuous flow model described here, demonstrates similar inhibition of colonization by a pathogenic, multidrug-resistant E. faecium strain. This inhibition is removed upon addition of the selective pressure; however, the increase in colonization of the antibiotic resistant strain is transient, as withdrawal of the antibiotic allows for recovery of tylosin-sensitive endogenous microbial species. Bacteroides spp. in both feral and domestic pig models are sensitive to administration of high levels of macrolide antibiotics although when administered a low level of tylosin, Bacteroides spp. were enriched within RPCF but not FC cultures. Endogenous Enterococcus spp. were enriched by both low-and high-level tylosin administration in RPCF but not FC cultures. Although the microflora of the FC culture exhibits greater sensitivity upon exposure to tylosin, a similar pattern of in vitro inhibition of the E. faecium is observed in both models. This indicates that in the absence of the selective pressure exerted by tylosin, bacterial populations within continuous flow models derived from a feral or domestic pig were effective against colonization of a multidrug-resistant strain of Enterococcus spp.
